Background. The lectin DC-SIGN (dendritic cell-specific intercellular adhesion molecule 3-grabbing nonintegrin) augments Ebola virus (EBOV) infection. However, it its unclear whether DC-SIGN promotes only EBOV attachment (attachment factor function, nonessential) or actively facilitates EBOV entry (receptor function, essential).
loviruses display an extremely broad tropism, infecting virtually all cell types, except lymphoid cells [2] [3] [4] . The cellular receptors for filoviruses are not well defined, although a role for Tyro-3 kinases has recently been proposed [5] . Binding of the viral glycoproteins (GPs) to cellular lectins can augment filovirus attachment and subsequent infectious entry into target cells [6] , suggesting that lectin engagement might modulate filovirus tropism.
Several lines of evidence indicate that the calciumdependent (C-type) lectins DC-SIGN (dendritic cellspecific intercellular adhesion molecule 3-grabbing nonintegrin)/CD209 and the related protein DC-SIGNR/L-SIGN/CD209L (collectively referred to as "DC-SIGN/R"), which recognize high-mannose carbohydrates on the EBOV GP [7, 8] , might impact the spread of filovirus infection. First, engineered expression of DC-SIGN/R augments filovirus GP-dependent entry [9] [10] [11] [12] . Second, DC-SIGN/R are endogenously expressed on important target cells of EBOV infection, including mononuclear cells expressing markers of dendritic cells (DCs) and macrophages (DC-SIGN) [13, 14] and endothelial cells in the liver and lymph node sinusoids (DC-SIGNR) [15, 16] . Third, DC-SIGN-positive cells with dendritic morphology were shown to be infected in EBOV-inoculated macaques [2] .
The precise role of DC-SIGN/R in filovirus entry is unclear. The observation that DC-SIGN/R expression allows efficient EBOV-GP-dependent infection of certain lymphoid cell lines [9] raises 2 possibilities concerning DC-SIGN/R function. DC-SIGN/R might act as attachment factors [17] that concentrate filoviruses onto cells and thereby promote subsequent engagement of as-yet-unknown receptor(s), a mechanism that would be particularly relevant when receptor expression levels limit infection efficiency. In such a scenario, DC-SIGN/R would augment filovirus infection; nevertheless, under conditions of artificially optimized viral attachment, these factors would be dispensable for infectious entry. Alternatively, these lectins might function as filovirus receptors [17] , which actively promote cellular entry of filoviruses into cells that, even under conditions of optimal viral attachment, are otherwise nonsusceptible. In the latter case, DC-SIGN/R should mediate internalization of virions into endosomal compartments, where the fusion activity of GP is activated by cathepsin cleavage, a prerequisite to infectious EBOV entry [18] .
To determine the contribution of DC-SIGN/R to EBOV infectious entry, we analyzed whether engineered DC-SIGN/R expression is necessary and sufficient to mediate entry of EBOV GP-pseudotyped reporter viruses (pseudotypes) into different B cell lines. Similarly, we asked whether DC-SIGN engagement is essential for EBOV infection of DCs. Moreover, we investigated whether DC-SIGN/R internalization after ligand binding is required for augmentation of infectivity. We report that DC-SIGN/R can mediate EBOV GP-driven infection of certain B cell lines. However, DC-SIGN/R-promoted entry was cell line dependent, and DC-SIGN/R function could be substituted by artificial concentration of virions onto cells. DC-SIGN engagement was also not essential for infection of DCs with EBOV. Finally, DC-SIGN/R-dependent augmentation of EBOV GPdriven entry did not require intact internalization-mediating sequence motifs (i.e., internalization motifs) in the DC-SIGN/ R cytoplasmic tails. These observations argue against an active role for DC-SIGN/R in EBOV entry, and they suggest that factors other than DC-SIGN/R are critical for infectious entry to occur. Cumulatively, our results indicate that DC-SIGN/R function as EBOV attachment-promoting factors and not entry receptors.
MATERIALS AND METHODS

Plasmids and cell lines. DC-SIGN/R variants with mutated
LL and YXXL motifs were generated by overlap-extension polymerase chain reaction (PCR)-based mutagenesis, by use of the QuikChange site-directed mutagenesis kit (Invitrogen). The following primer pairs were used to mutate DC-SIGN: p5DCS-mutYL (GATTCCGACAGACTCGAGGCGCCAAGAGCGGC-GCAGGGTGTCTTGGCCAT) and p3DCSmutYL (ATGGCCA-AGACACCCTGCGCCGCTCTTGGCGCCTCGAGTCTGTCG-GAATC) (YXXL to AXXG), as well as p5DCSmutLL (AAGACTGCACAGCTGGGCGCCGCGGAGGAGGAACAGC-TGAGAGGCCTTG) and p3DCSmutLL (CAAGGCCTCTCAG-CTGTTCCTCCTCCGCGGCAGCCCAGCTGCTGCAGTCTT) (LL to AA). The LL to AA mutation in DC-SIGNR was introduced with primers p5DCSRmutLL (AAGGGTGCAGCAGCT-GGGCGCCGCGGAAGAAGATCCAAC) and p3DCSRmutLL (GTTGGATCTTCTTCCGCGGCGCCCAGCTGCTGCACCC-TT). The sequences of all DC-SIGN/R variants were confirmed by sequence analysis.
DC-SIGN/R expression vectors were transfected into 293 cells, and stable expressors were selected and enriched by fluorescence-activated cell sorter (FACS) analysis. B-THP cells expressing exogenous DC-SIGNR were generated using lentivirus transduction as described elsewhere [11] . B-THP cells expressing DC-SIGN or D20 DC-SIGN have been described elsewhere [19] . In addition, monocyte-derived DCs (MDDCs) were generated as described elsewhere [20] . Epstein-Barr virus (EBV)transformed B lymphoblastoid cell lines were established by coincubation of peripheral blood mononuclear cells with cellfree supernatant derived from the EBV-producing cell line B95-8 [21] in the presence of cyclosporine (100 ng/mL). All nonadherent cell lines were maintained in RPMI 1640 medium (PAA), except Ramos B cells, which were propagated in Iscove's modified Dulbecco's medium (IMDM; Gibco/BRL). 293T cells and lectin-expressing 293 cell lines were maintained in Dulbecco's modified Eagle medium (DMEM; PAA). All cell culture media were supplemented with 10% fetal bovine serum, penicillin, and streptomycin.
Reporter viruses. For pseudotype production, 293T cells were cotransfected with equal amounts of EBOV GP expression plasmids and pNL4-3-Luc-R Ϫ E Ϫ [22] , as documented elsewhere [11] . Production of replication-competent HIV-1 NL4-3 reporter virus bearing the luciferase gene in place of nef has been described elsewhere [23] . All cell culture supernatants were harvested 48 h after transfection, passed through filters with a pore size of 0.4 mm, aliquoted, and stored at Ϫ80ЊC. To quantify virus production, the capsid protein content in cellular supernatants was determined by means of ELISA (Abbott Diagnostics). The relative infectivity of virus stocks was assessed by infection of 293T cells and quantification of luciferase activities infected with ZEBOV GP-bearing reporter virus, and infection efficiency was quantified as described above. However, before infection, the cells were incubated with the indicated antibodies (10 mg/mL). Monoclonal antibody (MAb) 604 is specific for DC-SIGNR, MAb 507 binds DC-SIGN, and MAb 526 recognizes both lectins [25] . A representative experiment is shown. Error bars denote SDs. ICEBOV, Ivory Coast EBOV; REBOV, Reston EBOV; SEBOV, Sudan EBOV. in cellular lysates by use of a commercially available kit (Promega).
DC-SIGN/R expression and internalization. FACS analysis was used to investigate cell surface expression of DC-SIGN/R
and was generally performed using cells seeded in parallel for infection experiments. For conventional FACS analysis, DC-SIGN/R expression was detected with DCN46 (BD Bioscience) or 507 (R&D Systems) antibody and an indodicarbocyanine (Cy5)-conjugated secondary antibody (Dianova). For quantitative FACS analysis of DC-SIGN/R expression, the anti-DC-SIGN/R antibody DC 11 [24] and a commercially available kit (Sigma) were used as described in detail elsewhere [23, 25] . For analysis of DC-SIGN internalization, DC-SIGN-expressing cells were stained with antibodies 507 or DCN46 at 4ЊC, washed, and either maintained on ice or shifted to 37ЊC for the indicated times. Subsequently, secondary antibody was added and staining analyzed using FACS analysis.
Infection experiments. For infection experiments, B cell lines were seeded onto 96-well plates at a density of 4 3 ϫ 10 cells/well and were incubated with infectivity-normalized viral supernatants. For spinoculation, virus-exposed cells were centrifuged for 1 h at 25ЊC at 270 g as described elsewhere [26] . For inhibition of DC-SIGN function, cells were incubated with the indicated antibodies at a final concentration of 10 mg/mL for 30 min at 37ЊC before infection. The medium was replaced 12 h after infection, and luciferase activities in cell lysates were determined 72 h after infection. HIV-1 transmission was analyzed as described elsewhere [23] . Zaire ebolavirus (ZEBOV) Mayinga was produced in Vero E6 cells, under biosafety level 4 conditions, as described elsewhere [27] . MDDCs were seeded on coverslips and pretreated with mannan at a final concentration of 100 mg/mL. ZEBOV infection and IFAs were performed as described elsewhere [12] .
RESULTS
Robust EBOV GP-dependent entry into B-THP cells after DC-SIGN/R expression.
We first investigated whether expression of DC-SIGN/R allows EBOV GP-mediated infection of otherwise nonsusceptible cells. We chose B-THP cells [28] , which are derived from the Raji B cell line, for these experiments, because B cell lines have been shown to be refractory to EBOV GP-driven infection [3] . Indeed, incubation of parental B-THP control cells with infectivity-normalized pseudotypes bearing the GPs of the 4 EBOV subspecies-ZEBOV, Sudan EBOV (SEBOV), Ivory Coast EBOV (ICEBOV), and Reston EBOV (REBOV)-did not result in signals above background levels ( figure 1A) . Thus, luciferase activities of 10-100 counts/s are usually measured after mock infection or infection with GPdeficient control viruses, and they are therefore considered to be unspecific [12, 29] (A.M. and S.P., unpublished data). In contrast, all GPs mediated robust infection of B-THP cells ex-pressing exogenous DC-SIGN/R ( figure 1A) . ZEBOV GP and REBOV GP engaged DC-SIGN/R with higher efficiency than did SEBOV GP and, in particular, ICEBOV GP, as has been reported elsewhere [8, 29] for susceptible cells. Antibody inhibition experiments demonstrated that EBOV GP-mediated entry into B-THP cells expressing DC-SIGN/R was indeed dependent on GP interactions with these lectins ( figure 1B) . Thus, the DC-SIGNR-specific monoclonal antibody (MAb) 604 strongly reduced entry into B-THP DC-SIGNR-expressing cells, but it had no effect on entry into B-THP DC-SIGN cells. The reverse observation was made with MAb 507, which is DC-SIGN specific ( figure 1B) . Finally, MAb 526, which is dual specific, blocked EBOV GP-driven entry into both B-THP DC-SIGN and DC-SIGNR cells, confirming that EBOV GP engages DC-SIGN/R for entry into B-THP cells. These results indicate that exogenous DC-SIGN/R can allow EBOV GP-mediated infection of B-THP cells.
Enhancement of EBOV GP-mediated infection by DC-SIGN/R variants with mutated LL and YXXL motifs.
The cytoplasmic tail of DC-SIGN harbors an LL motif and a YXXL motif, whereas only the former sequence is present in DC-SIGNR ( figure 2A ). Both motifs constitute putative internalization signals and might promote EBOV transport into endosomes, a prerequisite for productive EBOV infection [18] . We analyzed the relevance of these motifs for DC-SIGN/Rmediated augmentation of EBOV GP-dependent infection. To this end, the LL motifs in DC-SIGN/R and the YXXL sequence in DC-SIGN were mutated (variants AA and AXXG) ( figure  2A ), or the entire cytoplasmic tails of DC-SIGN/R were deleted (variants DN-ter) ( figure 2A ). The lectin variants were stably expressed in kidney-derived 293 cells, which are highly permissive to EBOV GP-mediated entry [3] .
Analysis of lectin expression by use of a quantitative FACS technique revealed that the mutation of the YXXL motif in DC-SIGN moderately reduced expression, compared with the wildtype (wt) protein (figure 2B, top). Alteration of the LL motif in DC-SIGN slightly decreased, and the analogous change in DC-SIGNR slightly increased lectin expression levels, but both effects were not statistically significant. Double mutation of the LL and YXXL motifs in DC-SIGN diminished expression to ∼50%, compared with wt DC-SIGN, whereas deletion of the entire DC-SIGN cytoplasmic domain resulted in 80% reduction in expression ( figure 2B, top) . DC-SIGN/R variants with mutations in the cytoplasmic tails augmented EBOV GP-driven infection ( figure 2B, bottom) . However, enhancement of EBOV GP-mediated infectious entry clearly correlated with lectin expression levels ( figure 2B, top and bottom) . A strict correlation between DC-SIGN expression levels and augmentation of EBOV GP-dependent infection has been documented elsewhere [11] , indicating that the effects observed after mutation of the YXXL and LL motifs were merely the result of limited DC-SIGN/R expression and not due to specific defects induced by these alterations. Thus, internalization motifs in DC-SIGN/ R are not essential for functional interaction with EBOV GPbearing pseudotypes, at least in the context of readily susceptible cells. -SIGN variant lacking the first 20 amino acids of the cytoplasmic tail. We next investigated whether the LL motif in DC-SIGN and its surrounding sequences are dispensable for EBOV GP-driven infectious entry into B-THP cells. To this end, B-THP cells expressing a DC-SIGN variant lacking the N-terminal 20 amino acids [19] , which encompass the LL motif (D20) ( figure 2A [28] . FACS analyses revealed that both cell lines expressed very similar amounts of DC-SIGN ( figure 4A ) and that, on both cells, DC-SIGN was readily internalized after ligand binding (figure 3C) (data not shown). Accordingly, both cell lines were equally adept in transferring HIV-1 to T cells, although transmission was partly due to direct infection of the transmitting cells (figure 4B), as described elsewhere [30, 34, 35] . In contrast, only B-THP DC-SIGN cells-not Ramos DC-SIGN cells-were readily susceptible to EBOV GP-dependent infection. Both cell lines could be infected by vesicular stomatitis virus GP-bearing pseudotypes, although with different efficiencies ( figure 4C ), suggesting that, apart from DC-SIGN, another molecule is required for EBOV GP-dependent entry into Ramos B cells. In this case, the role of DC-SIGN in EBOV infection might be limited to concentrating virions on the cell surface, which, in turn, might increase entry via so far unidentified receptor(s).
Augmentation of EBOV GP-dependent entry into B-THP cells by a SC
DC-SIGN-mediated augmentation of EBOV GP-driven entry into B cells: cell line dependence and the important role of the concentration of virions on the cell surface. We next investigated whether DC-SIGN augmented EBOV GP-driven entry into B-THP cells is specific to this particular cell line or whether it can be observed with Ramos B cells expressing exogenous DC-SIGN
To address the hypothesis that the attachment step limits infection of B-THP cells, virions were concentrated onto the surface of B-THP and B-THP DC-SIGN cells by centrifugation, as described elsewhere [26] . This procedure, known as "spinoculation" [26] , substantially increased infection of both cell lines, and infectious entry into otherwise nonpermissive B-THP control cells was readily detectable under these conditions (figure 5A) . Thus, B-THP cells most likely express low levels of receptor, which can be engaged efficiently only by EBOV GPbearing viruses after augmentation of virus attachment, either by DC-SIGN or by spinoculation. To extend these observations, we assessed whether augmentation of viral attachment by spinoculation allowed EBOV GP-driven entry into a broader panel of B cell lines. Indeed, the B cell line NC-37 [28] was found to be susceptible to EBOV GP pseudotypes under these conditions, and infectious entry was further enhanced by expression of exogenous DC-SIGN ( figure 5B) . Similarly, infection of the BC 11 cell line was readily detectable after spinoculation. In contrast, 7 other B cell lines, including Nalm-6 and Ramos B cells (figure 5B) (data not shown), remained refractory, suggesting absent or extremely low receptor expression on these cells.
Modest contribution of DC-SIGN and other mannose-specific lectins to ZEBOV infection of MDDCs.
Multiple studies demonstrate that exogenous DC-SIGN expression strongly enhances EBOV infection. However, the effect of endogenous DC-SIGN expression on EBOV infection has not been determined. We therefore assessed whether infection of MDDCs by replication-competent ZEBOV can be inhibited by the mannose polymer mannan, which blocks ligand binding to DC-SIGN and other mannose-specific lectins. Preincubation of MDDCs with mannan before exposure to ZEBOV reduced infection significantly ( ), indicating that factors other than DC-P p .029 SIGN contribute substantially to ZEBOV infection of these cells ( figure 6 ).
DISCUSSION
We show that certain B cell lines are permissive to EBOV GPdriven entry, possibly because of expression of very low levels of receptor, and that DC-SIGN augments efficient infectious entry into these cells. The latter does not require intact internalization motifs in the DC-SIGN cytosolic tail and, thus, might not involve trafficking of virions into endosomal compartments. Moreover, we demonstrate that infection of MDDCs by replication-competent ZEBOV is only partially due to DC-SIGN or related lectins, indicating an important contribution of other cellular factors. Thus, our results hint toward a role for DC-SIGN as an EBOV attachment factor and not an entry receptor, and they suggest that DC-SIGN might not be essential for EBOV infection of DCs.
Filoviruses exhibit an extremely broad tropism, with only B and T cells being refractory to infection [2] [3] [4] . Thus, the filovirus receptor(s) might be ubiquitously expressed. However, its identity remains elusive. The cellular lectins DC-SIGN/R, human macrophage lectin specific for galactose/N-acetylgalactosamine (hMGL), asialoglycoprotein receptor I (ASGPRI), and liver and lymph node sinusoidal endothelial cell C-type lectin (LSECtin) were shown to augment cellular entry of filoviruses [7, 9-12, 36, 37] and to be expressed on relevant EBOV target cells, such as macrophages (DC-SIGN and hMGL), sinusoidal endothelial cells in the liver and lymph nodes (DC-SIGNR and LSECtin), and hepatocytes (ASGPRI). Engagement of these lectins might focus filovirus infection on specific targets and might contribute to the distinct cell and organ tropism displayed by filoviruses at different stages of infection [6, 38] .
We previously failed to detect appreciable EBOV GP-mediated entry into lymphoid cells expressing exogenous DC-SIGN [11] . To us, therefore, it was unexpected that DC-SIGN/ R expression rendered B-THP cells permissive. The discrepancy between our previous and present observations might be the result of differences in DC-SIGN expression levels, which strictly correlate with the efficiency of augmentation of EBOV GP-dependent infection [11] , or of variations in the expression of endogenous EBOV receptor(s) on the target cells used in both studies. In any event, data published elsewhere [9] and the results of the present study indicate that expression of DC-SIGN on certain lymphoid cell lines is sufficient for robust EBOV GP-dependent infection, and they pose the question of whether DC-SIGN functions as an EBOV receptor.
If DC-SIGN alone can act as a receptor for filovirus entry into B cells, DC-SIGN expression on different, otherwise nonpermissive B cell lines should allow for viral infection. Moreover, EBOV engagement of this lectin should lead to uptake of virions into intracellular vesicles, where the fusion machinery in GP is activated upon cleavage by cellular cathepsins [18, 39] . Our results suggest that DC-SIGN/R might not fulfill either criterion. Thus, alterations in the DC-SIGN/R cytoplasmic tails that prevent efficient internalization of lectin-ligand complexes did not abrogate augmentation of EBOV GP-mediated entry. DC-SIGN/R-mediated endocytic uptake of virions might therefore be dispensable for enhancement of EBOV infection. Similar observations have recently been reported for dengue virus [32] , which also engages DC-SIGN [40, 41] . Furthermore, comparable expression of exogenous DC-SIGN on B-THP and Ramos B cells rendered only the former cells readily susceptible to EBOV GP-dependent infection. Thus, apart from DC-SIGN, other factors might be required to allow EBOV GP-mediated cellular entry. In fact, our observation that artificial concentration of virions on the cell surface allows for EBOV GPdriven entry into B-THP and NC-37 B cells indicates that these cells express very low levels of EBOV receptors, which can only be engaged efficiently once a substantial number of viral particles are attached to the cell surface. Such conditions might be established by DC-SIGN expression, which facilitates efficient capture of virions harboring EBOV GP [11] . Taken together, these results point to a function of DC-SIGN as an attachment factor and not a receptor for filoviruses.
Exogenous DC-SIGN/R profoundly augment filovirus infection. However, similar observations have not been documented for endogenous DC-SIGN/R. It has recently been reported that a subpopulation of B cells in human blood expresses DC-SIGN and that expression is augmented after B cell activation [42] . We therefore thought to study EBOV GP-dependent entry into DC-SIGN-positive, primary B cells, but we failed to detect DC-SIGN on these cells (data not shown), for reasons that are, at present, unclear. Similarly, we also failed to detect endogenous DC-SIGN on any of the nontransduced B cells analyzed, including the BC 11 line, which supported EBOV GP-driven infectious entry (data not shown), suggesting that lectin expression on cell lines does not mirror that reported for activated, primary B cells. MDDCs express high levels of endogenous DC-SIGN and are permissive to EBOV infection [25, 43, 44] . DC-SIGN-positive cells with DC morphology were also shown to be infected in ZEBOV-inoculated macaques [2] . However, entry of ZEBOV into MDDCs was only ∼50% dependent on mannose-specific lectins, such as DC-SIGN, implying an important contribution of other cellular factors. Of note, several reports suggest that DC-SIGN-positive cells in lymphoid tissues might not be of DC origin but, rather, of macrophage origin [14, 45, 46] . These observations and the findings of the present study raise doubts about an important contribution of DC-SIGN-mediated infection of DCs to the spread of EBOV in the host.
